Complementation has been observed in cytoplasmic respiratory deficient yeast cells (petites) to yield respiratory competent diploids. This successful demonstration depended on the use of spontaneous petites of recent origin and on crosses involving all possible pairwise combinations between the many different petite isolates of opposite mating type. The possibility of deletion of a single unique region of yeast mitochondrial DNA as the initial lesion in petite formation has been eliminated by using strains isogenic for their mitochondrial DNA.
In the yeast Saccharomyces cerevisiae a spontaneous cytoplasmic irreversible mutation in mitochondrial DNA (the petite mutation) converts a cell from respiratory competence (p+) to respiratory deficiency (p-) (1) . A feature of petites is the occurrence of deletions from the circular mitochondrial genome (pDNA) (2) (3) (4) . A mechanism for the generation of these deletions by excision within and insertion between pDNA molecules has recently been proposed (5, 6 ). An implication of this hypothesis is that complementation between spontaneous petites to give respiratory competent cells should be possible, provided that deletions do not occur from one particular region in pDNA and that initially the deletions together do not exceed 50% of the combined genornes. However, complementation between cytoplasmically inherited petites has never been reported (7) (8) (9) (10) . Nevertheless, it has been demonstrated in genetic experiments that recombination between pDNA molecules of different petites can occur (11) , though p+ progeny were not observed as a consequence. Therefore, complementation could be possible in the suitable circumstances mentioned above.
In this paper complementation between cytoplasmic petites is reported. The successful results are due, first, to using spontaneous petites, second, to using those of recent origin, and third, to using crosses involving all possible pairwise combinations between the many different petite isolates of opposite mating type.
MATERIALS AND METHODS
Yeast Strains. The strain T of S. cerevisiae 4342-2B a ade [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] iys2, was obtained from Prof. S. Fogel, Department of Genetics, University of California, Berkeley. The strain F, having a adel arq4 and pDNA isogenic to strain T, was a segregant from a cross of strain T to ATCC 26500, which is a adel arg4 and completely lacks pDNA (12) . Strains dition each individual petite was crossed with pO and p+. The remainder of each petite sample (1 ml) was inoculated onto GlyYP as before.
After overnight incubation each individual cross was inoculated onto GSyV and GlySyV and the plates were incubated and scored as above.
Sporulation and Ascus Dissection. Cultures to be induced to sporulate were grown in GYP liquid medium to late exponential phase and then 0.3 ml was spread on KAc agar. After 4 days at room temperature (23O) asci were dissected with a de Fonbrune micromanipulator after brief treatment with snail digestive tract enzymes (14) . Dissected ascospores were incubated for 3 days at 30°, and the samples were resuspended in water and then inoculated onto selective plates to determine nutritional requirements.
Media. GYP and glucose synthetic vitamin medium (GSyV) have been described previously (13 
Control experiments
When putative petite colonies were sampled and tested for the presence of p+ contaminants, one-third of the colonies (9/29) from strain F yielded p+ cells, whereas strain T gave no contaminated colonies in this experiment and rarely has them. The presence of these p+ contaminants is interpreted as due to a residual core of viable p + cells at the center of some petite colonies. The other control was performed by mating the individual spontaneous petite colonies to neutral petites of opposite mating type which completely lack pDNA. In one case p+ cells were produced from an uncontaminated "petite" isolate. Subsequent analysis of this diploid showed that the petite phenotype segregated 2:2 in 16 tetrads dissected, indicating that the original phenotype was due to a nuclear mutation.
No other "rescue" events besides that due to a nuclear petite have been observed in crosses of spontaneous petites to neutral ones of the opposite mating type, indicating that the formation of p+ due to recombination of reciprocally deleted p DNA present in a single petite cell is not a complication. Experiment 1 Once sources of p+ contamination had been eliminated the remaining isolates of strains F and T were crossed en masse, and after overnight growth were plated on selective media to determine if complementation had occurred. Two further controls were carried out. When the pooled petites of each particular strain were again analyzed for p+ contamination FIG. 1. p + colonies growing on GlySyV medium after mass mating of p -isolates as described in experiment 1. by inoculating them onto GlyYP media, no p+ cells occurred in 6.6 X 108 viable cells tested in strain F nor in 6.05 X 101 cells of strain T. In the second control the pooled samples of each strain were again crossed to the opposite mating type neutral petites and the resulting diploids were scored for the presence of p+ cells. Once again none were detected in 6.9 X 105 and 5.8 X 108 diploids, respectively, from strains F and T.
After elimination of p+ contamination, complementation was found in the mass mating with a frequency of 20.5 p+ per 106 p-diploids (Fig. 1) . To verify that p+ diploids were indeed derived from the input parental petites, 10 p+ colonies were sporulated and dissection of asci showed that parental markers segregated in the expected 2:2 fashion. Thus, these respiratory competent cells must have arisen from our working, strains; furthermore, all segregants were p+. not overlap that in T 2, whereas, T 6 shows points in common with T 2 and T 7.
A further analysis of the data can be made by simplifying and ordering the points of Fig. 2 . The 30 X 20 matrix contains a number of duplicates, and when the redundant petites are eliminated, a more ordered 11 X 9 matrix can be drawn (Fig. 3) . From this diagram complementation maps can be constructed as shown in Fig. 4 .
A limited number of p+ complementation diploids was induced to sporulate and asci were dissected. In all nine cases (T parent first), 30 X 5, 24 X 13, 22 X 2, 20 X 5, 20 X 19, 9 X 5, 7 X 8, 4 X 10, and 2 X 15, the parental nuclear markers segregated in the expected 2:2 manner. Additionally it was found that the p+ phenotype segregated 4:0 except in asci derived from 30 X 5, 20 X 5, and 9 X 5, where it segregated 2:2. Furthermore, F 5 did not show any p+ when crossed to the neutral petite tester strain. These results show that F 5 is a "double" mutant, being both a nuclear and a cytoplasmic petite, and can, therefore, be kept in the matrix.
That only 54 of 600 crosses resulted in some complementation could be due to rapid information decay in petites. An indication of this was revealed when the remaining samples of the original petites (which had been stored at 40 for 10 days)
were regrown and crossed in the same way as before. Under these circumstances, no complementation events were found. This repeat experiment, using exactly the same material, is thus an excellent internal control and clearly illustrates that there is a critical time for obtaining successful complementation. Experlimaent 3 To determine whether the nuclear genotype exerts specific influences on isogenic mitochondrial DNA, strains A and B, which are closely related in their nuclear genomes, were used in a repeat of experiment 2. It was found that 3 of 150 crosses yielded complementation. The reasons for this lower level, as compared to the previous experiment, may simply be due to the chance presence of T 2, T 20, and F 5 in that experiment, together accounting for 38 of the 54 complementation events. DISCUSSION Although complementation to yield respiratory competent cells has been described between nuclear-nuclear (8, 15) and puclear-cytoplasmic petites (1, 8, 16) , it has not been reported for cytoplasmic-cytoplasrftic petites (7) (8) (9) (10) Another interesting point is the low level of complementation. The repeat of experiment 2, after storage of the petites in the cold, in which complementation did not occur, demonstrates that pDNA decays and does so rapidly. Thus, the complementation observed in the first part of experiment 2 is due to sampling before this decay has proceeded too far. A second factor which could be depressing the observed frequency of complementation is illustrated by petite T 14. This petite was highly suppressive when crossed to the F p+ tester and this may contribute to the complete lack of complementation in this isolate. Complementation may, therefore, be potentially much more frequent between petites, but be decreased by further recombination between complete and incomplete pDNA molecules, as has been discussed previously in accounting for the phenomenon of suppressiveness (5) .
Complementation has been found in the following three situations; first, between strains not isogenic for nuclear DNA which may not necessarily have identical mitochondrial DNA (experimental details not reported here); second, between nonisogenic strains which do have identical mitochondrial genomes; and third, between strains closely related for both nuclear and mitochondrial DNA. The latter two findings place a number of stringent conditions on possible interpretations and demonstrate clearly that there is no unique site which is initially deleted in the first event of petite formation. Furthermore, the finding of complementation in strains having the same mitochondrial DNA eliminates the possibility of each strain's having its own unique initial site involved in pDNA degeneration.
A further analysis of the complementation data leads to a more ordered representation (Fig. 3) Nuclear genes are certainly involved in the breakdown of mitochondrial DNA, since strains T and F, which are isogenic for their mitochondrial DNA, differ in their frequencies of spontaneous petite formation, these being 1.5 and 0.5%, respectively. These values led us to enquire whether nuclear genes were involved in determining the specificity of the breakdown of mitochondrial DNA. One possibility could be that the mitochondrial DNA in strain F has a different initial deletion site from strain T, these sites being determined by the nucleus. However, the demonstration of complementation in the third situation focuses attention on the mitochondrial genome itself and indicates that the specificity for the breakdown probably resides in the properties of the mitochondrial DNA.
Given that there is not a single site at which initial deletion can occur, does the breakdown involve a small number of specific sites or is it random? A preliminary statistical analysis of the repetitive patterns obtained in experiment 2 indicates that a small number of specific sites may be a likely possibility.
